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ANALYSIS OF GAP FORMATION IN THE CASTING OF
ENERGETIC MATERIALS
Dawei Sun
Saint-Gobain High-Performance Materials, Northboo, Massachusetts, USA
School of Mechanical Engineering, Purdue University, West Lafayette,
Indiana, USA
Sanjeev K. Singh
U.S. Army Picatinny Arsenal, Dover, New Jersey, USA
The problem of undesirable separation of the cast material from the mold in the casting of
energetic materials is investigated. Comprehensive models are developed to simulate the
heat and mass transfer processes during melt casting of energetic materials, as well as
the resulting thermal stresses induced. The thermal and stress models are dynamically
coupled. Predictions from the validated numerical model show excellent agreement with
experimental measurements. The size and location of the separation are also predicted by
the present model. Means to control and suppress separation are explored, and it is demon-
strated that the separation can be controlled through proper choice of cooling conditions.
1. INTRODUCTION
Casting processes are widely employed in the manufacture of products with
intricate shapes [1, 2] and, in particular, in applications where the material of the
final product is sensitive to machining. The manufacture of energetic materials is
one such application. The cooling conditions applied in the casting process can affect
the quality of the final cast, in terms of residual stress distributions, void formation,
and base separation [3]. Imposition of carefully controlled cooling conditions is thus
critical in optimizing the cast quality. One measure of quality is the nearness of the
product to the desired shape with little or no residual stresses. An example of devi-
ation from the desired shape is base separation [3, 4]. Well-designed cooling con-
ditions are sought that could help avoid such deleterious effects.
The thermal, flow, and stress fields are strongly coupled during the casting
process. The effects of natural convection in melts of moderate Prandtl number
(Pr < 1,000) have been extensively studied [1, 5, 6]. A good review on this subject
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was compiled by Yao and Prusa [7]. However, the solidification of high Prandtl num-
ber melts such as energetic materials and polymers is less well understood. A numeri-
cal investigation of the flow and heat transfer characteristics of the melt casting of
energetic materials (Pr 10,000) was conducted by Sun et al. [8]. The coupling of
thermal stresses with solidification heat transfer, however, was not considered.
Residual stresses are known to be closely related to the formation of cold
cracks, hot tears, and other defects during casting [3, 9, 10]. Hence it is important
to understand the relationship between stress development and solid=liquid phase
change. Challenges in modeling thermal residual stresses in casting applications were
reviewed by Thomas [11]. The formation of a gap between the mold and the cast
material is of critical importance due to its deleterious effect on heat removal and
on crack formation. Ho and Pehlke [12] investigated the mechanisms of gap forma-
tion during casting of metals through experiments and numerical modeling. The fac-
tors that contribute to air gap development were identified. Fackeldey et al. [13]
developed a simple algorithm to handle the loss of contact between the mold and
casting to avoid convergence problems generally associated with sophisticated con-
tact algorithms. The air gap was modeled using effective heat transfer coefficients,
and the effect of applied pressure on gap conductance was also taken into consider-
ation. Seetharamu et al. [10] studied thermal and stress field development during
casting. However, the size and location of the loss of contact between the mold
NOMENCLATURE
Amush mushy zone constant
b body force
cp specific heat, J=kgK
D diameter, m
E Young’s modulus, Pa
Ec Eckert number ½¼U2=cpðTH  TmÞ
fl liquid fraction
fs solid fraction
g acceleration due to gravity, m=s2
G shear modulus, Pa
h specific enthalpy, J=kg
H0 height of the tube and riser in cylinder
casting
DH latent heat, kJ=kg
k thermal conductivity, W=mK
p pressure, Pa
Pr Prandtl number ð¼n=aÞ
R thermal resistance








U characteristic velocity ð¼a=DÞ; m=s
~w displacement vector, m
a thermal diffusivity, m2=s
b volume expansion coefficient, 1=K
e emissivity; interface thickness, m
k Lame’s coefficient
m Lame’s coefficient, dynamic viscosity
n Poisson’s ratio, kinematic viscosity
q density, kg=m3
r stress, Pa
ro yield stress, Pa
rR Stefan-Boltzmann constant
(5.67 108W=m2K4)
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and the cast was assumed to be known a priori and did not change during casting.
The effects of melt convection were not taken into consideration. The contact
conductance across an air gap during casting was estimated by Chen [14] using an
adaptive weighting estimation algorithm. Only heat conduction was considered.
Accurate materials characterization is also important for modeling thermal
stresses as, in general, materials change from viscoelastic=viscoplastic in the liquid
phase to elastic-plastic in the solid phase [15]. However, no generic constitutive rela-
tionships exist for most materials, other than for certain metals such as steel and
aluminum, and experimental or empirical data [3, 9, 16] have to be relied on. Solidi-
fication modeling and solid front tracking are also complicated by the steep jump in
material properties across the front. Stresses induced during the continuous casting
of slabs were solved in [17] with the phase change represented by a heat-generation
term in the steady-state heat conduction equation. Hannart et al. [16] investigated
the ‘‘butt curl’’ phenomenon in direct chill casting of aluminum slabs by assuming
the metal to be elastic-plastic with strain-rate-dependent behavior. Recently, a ther-
momechanical model for the continuous casting of steel was proposed by Li and
Thomas [18]. Constitutive equations were formulated and the finite-element method
used in the computations. In [18], the air gap formation was modeled as a compre-
hensive thermal resistance, including contributions from both thermal radiation and
contact resistance. Using a combined finite-element=control-volume method,
Diemer and Franke [19] studied thermal stresses near the solid=liquid interface dur-
ing Bridgman growth of a turbine blade. In their model, a zero-stress condition in the
liquid was achieved by reducing Young’s modulus to an extremely small value. A
three-dimensional model was proposed by Barral and Quintela [3] to analyze the
quasi-static mechanical behavior of an aluminum slab during electromagnetic cast-
ing. All these studies neglected the effect of melt convection. The stress development
in a solidifying body departs from that in a solid of fixed dimension because there is
no stress-free reference state [20]. A complex constitutive relationship has to be
developed to fully capture the residual stress development during solidification. This
complexity has also not been fully addressed in the literature.
Very few studies have considered the stress evolution and resulting defect forma-
tion in the casting of high-viscosity melts such as plastics and explosives. Williams [21]
carried out a thermoviscoelastic analysis to predict the residual stresses in polymers
during solidification. Young [22] analyzed the residual stress development in polymers
in the postfilling stage. Using finite-volume and finite-element methods, preliminary
analyses were carried out by Sun et al. [8] and Annapragada et al. [23] to study both
the solidification heat transfer process including melt convection and residual stresses
during the casting of energetic materials in a cylinder and a projectile. The effects of
different cooling conditions on the resulting stresses and air gap formation were inves-
tigated. However, the thermal and stress fields were analyzed in a decoupled manner.
In most casting problems, the solidification heat transfer is strongly coupled
with the stress development. The loss of contact between casting and mold not only
causes deterioration in the cooling achieved but also changes residual stresses in the
cast. It is thus important to analyze the thermal and mechanical behavior of a casting
system in a closely coupled fashion. Integrated models incorporating fluid flow and
solidification into residual stress analyses have been attempted. In such cases, the
temperature distribution was calculated using finite-volume [24] or finite-difference
GAP FORMATION IN THE CASTING OF ENERGETIC MATERIALS 417
[25] methods, while the stress field was handled with finite-difference [24] or
finite-element [25] approaches. In one study [26], both phase change with melt con-
vection and stresses were analyzed in the same solver.
The objective of the present work is to develop an integrated computational
model to analyze heat transfer with melt convection and solidification along with
concurrent stress development and gap formation in melt casting systems used in
the casting of energetic materials. The effects of different cooling conditions on
the gap formation are also investigated.
2. NUMERICAL MODEL
2.1. Problem Description
Energetic materials generally consist of a binder holding together a large
percentage of solid particles optimized to achieve desired performance, burning
behavior, stability, detonation properties, processing characteristics, and low sensi-
tivity. A Picatinny Arsenal Explosive (PAX) material, composed of 83%wt cyclo-
trimethylene-trinitramine (RDX) particles and 17%wt wax, is considered in this
work. Only the wax undergoes solid=liquid phase change during casting. Thermo-
physical properties of this material are listed in Table 1. The values of density, spe-
cific heat, and latent heat are obtained as a thermodynamic average. The viscosity
was measured using a Brookfield viscometer RVDV IIþ. Due to the large percentage
of solid loading, Newtonian behavior was observed during the measurement. By
assuming the RDX particles to be mono-sized spheres, Bruggeman’s effective









in which / denotes the solid volume fraction, and kf and kp are the thermal conduc-
tivities for the fluid and suspended particles, respectively. The very high viscosity of
PAX results in a very high Prandtl number (1.11 104). The casting process, there-
fore, takes significantly longer as compared to typical metals casting. Although vis-
cous dissipation could be important due to the high viscosity, the velocities in the
melt are very small in most cases (105m=s), making Ec=Re ¼ Ec Pr << 1 in
Table 1. Thermomechanical properties of the energetic material (PAX) being cast
Density, q (kg=m3) 1562
Thermal conductivity, keff (W=mK) 0.428
Specific heat, cp (J=kgK) 1524
Thermal diffusivity (m2=s) 2.11 107
Viscosity, m (Pa s) 3.11
Melting temperature, Tm (K) 355.65
Latent heat, DH (kJ=kg) 14.83
Poisson ratio, n 0.22
Liquid thermal expansion coeff, bl (1=K) 1.11 104
Solid thermal expansion coeff, bs (1=K) 8.754 105
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the present work, thus rendering viscous heating negligible (characteristic velocity U
in Re defined as a=D, leading to Re ¼ 1=Pr).
Two melt casting problems are investigated in this work, by means of both
experiments and numerical simulation. In the first problem, casting of PAX in a cyl-
inder is considered. The system is composed of a mold (stainless steel, ASTM 1026)
and a riser (aluminum 7075 T6) (Figure 1a). The thermomechanical properties for
the mold and riser=funnel are listed in Table 2 [28, 29]. At the beginning of casting,
molten PAX at 360K is poured into the mold and riser assembly shown in
Figure 1a. Steam heaters are then placed on the top and bottom, to maintain the
riser at a higher temperature than the bulk of the casting and the mold bottom at
a lower temperature, while the sides are exposed to natural convection to ambient
air at 311K. The heaters are switched off after 2.2 h and then the whole assembly
is cooled by natural convection. The total solidification process takes approximately
2.5 h. A detailed description of the experimental setup is available in Sun et al. [8].
The second problem studied is the casting of PAX in a projectile (0.31m diam-
eter, 0.96m height). The casting domain simulated consists of a stainless steel projec-
tile (ASTM 1026), an aluminum 7075 T6 funnel, and a steam heater. A schematic
representation of the projectile=funnel assembly is given in Figure 1b. There are three
Figure 1. Schematic diagrams of the casting systems used in the experiment with thermocouple locations:
(a) cylinder; (b) projectile.
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stages in the casting process. In the first stage (0–3.5 h), the heating plate near the top
of the projectile is maintained at a constant temperature (TH Tm ¼ 45K) and the
projectile assembly (projectile, funnel, and explosives) is immersed in a constant-
temperature water bath (Tm Tw ¼ 22.5K). The water level reaches the bottom
rim of the heating plate. In the second stage (3.5–6.5 h), the heater is turned off while
the water cooling continues. In the third stage, 6.5 h from the start, the cooling water
is drained and the cast assembly is cooled by exposure to ambient air at 311K.
Due to its relatively simple geometry and small size (0.05m diameter and 0.2m
height), the first problem is used to demonstrate and validate the capabilities of the
present model. The projectile system considered in the second problem is signifi-
cantly larger and geometrically more involved. Complicated physical mechanisms
involved in projectile casting are elucidated through this problem.
2.2. Computational Model
As discussed in the previous section, the energetic material is assumed to be
incompressible and Newtonian and its thermophysical properties are assumed to
remain constant over the range of temperatures investigated, except for density.
The variation of density with temperature is described by the Boussineq approxi-
mation. The governing mass, momentum, and energy equations are
qq
qt














þr  q~uhð Þ ¼ r  ðkrTÞ ð4Þ
where Amush is the mushy zone constant, fl is the liquid fraction, e ¼ 0.001 is used to
prevent division by zero, and h ¼ cpTþ flDH is the specific enthalpy of the melt. The
above equations were solved using the commercial software package FLUENT [30]
with the custom User Defined Functions (UDFs) developed in this work. The
enthalpy method [31] was employed to model solidification, while the SIMPLEC
Table 2. Thermomechanical properties of the mold and riser [28, 29]
Mold Riser=funnel
Density, q (kg=m3) 8,030 2,719
Thermal conductivity, k (W=mk) 16.27 202.4
Specific heat, cp (J=kgK) 502.48 871
Thermal diffusivity, a (m2=s) 4.03 106 8.55 105
Young’s modulus (GPa) 210 72
Poisson ratio 0.3 0.345
Thermal expansion coefficient, b (1=K) 1.24 105 2.36 105
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algorithm was used for pressure–velocity coupling. Second-order discretization
schemes were used for both momentum and energy equations for improved accuracy
and the pressure staggered option (PRESTO!) was adopted for discretizing the press-
ure term. The volume change during solidification was ignored. In view of the very
thin thermal boundary layer and low velocities observed in high Prandtl number
materials, mesh regions near the boundaries in the computational domain were very
finely resolved.
The solidifying melt was modeled as a single material with temperature-
dependent thermal expansion coefficient and Young’s modulus as shown in Figure 2,
with all other properties remaining the same in both solid and liquid phases. In the
absence of detailed visco-elastic-plastic material properties, the material was treated










A ¼ r  m rw*þrw*T  þr kr  w*þ 3kþ 2mð ÞbsT
 













Figure 2. Temperature-dependent Young’s modulus and thermal expansion coefficient for the energetic
material undergoing solidification.
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in which k ¼ nE=ð1þ nÞð1 2nÞ. This equation is solved for the stress and displace-
ment fields using ANSYS [32].
2.3. Coupling Methodology
Dynamic coupling was established between FLUENT and ANSYS to solve for
the solidification heat transfer and thermal stresses during the casting process. The
coupling scheme is illustrated graphically in Figure 3.
Heat transfer, melt convection, and phase change are solved using FLUENT.
The thermal field predicted by FLUENT is fed into ANSYS as a ‘‘body load’’ to all
the elements. The temperature body load is assumed to be constant for the whole
time interval while calculating stress and displacement. Within each time interval,
the transient stress and displacement fields are solved in a quasi-transient fashion
in which the stress and displacement fields prevailing at the previous time step are
used as initial values for the following time interval. The temperature load remains
constant while stress and displacement fields are solved. The deformation of the
computational mesh due to stress-induced displacement is then used to calculate
the size of the air gap formed between adjacent domains, which is further converted
to gap conductance for use in heat transfer and melt convection computations in
FLUENT. Detailed implementation of the separation prediction and gap conduc-
tance calculation is described in the following section. The coupled model developed
Figure 3. Flow chart for dynamic coupling of solidification heat transfer and residual stress analysis.
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in this work offers a convenient tool to model thermal stresses and displacement in
casting problems.
It should be noted that the thermal conductivity of the energetic material is of
the same order as that of the air gap, and both are much smaller than those of the
metal containers. Therefore formation of separation in these materials does not
cause dramatic changes in heat transfer characteristics, in contrast to the casting
of metals, and separation primarily affects the stress development in the present
application. The utility of the coupled method developed in the present work would
be more evident in metal casting applications.
2.4. Separation and Gap Conductance
In the casting of energetic materials, a gap or separation is often observed
between the mold and the casting, as shown in the example photograph in
Figure 4a. Effective control of such an air gap is critical to the quality of the cast
product not only for improved processing but also from safety considerations. A
large air gap can lead to catastrophic accidents in energetic materials handling.
Gap formation during casting might arise from mold=casting surface interac-
tions, volume changes in the cast and mold materials, and geometric effects [12].
Due to the difficulty of characterizing the surfaces of the mold and the explosive, sur-
face interactions are neglected in this study. Volumetric changes in the mold and cast
material accompanying phase change of the energetic material may also affect gap
formation at the interface. The temperature gradient, which is the driving force for
solidification, plays an important role in determining the location and extent of sep-
aration. As can be noted from Tables 1 and 2, there are large disparities between the
thermal expansion coefficients of different materials (bsteel ¼ 1.24 105 1=K,
Figure 4. (a) Experimentally observed base separation and (b) schematic diagram of thermal resistor
model for gap conductance.
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bAl ¼ 2.36 105 1=K, bPAX ¼ 8.75 105 1=K). It is expected that the larger ther-
mal contraction of PAX upon cooling can lead to separation of the energetic
material from the mold. In addition, some of the molds (casings) in explosives melt
casting feature quite complicated geometries. The effect of gravity could enhance
contact at some positions while favoring gap formation at others. Moreover, the fric-
tion between the solidified material and the mold also has an impact on gap forma-
tion, since a high friction coefficient can prevent the relative movement between
mold and cast, which in turn helps to reduce the risk of separation. The effects of
volumetric change and geometry on gap formation are examined in greater detail
for two practical systems in this work.
It may be noted from Tables 1 and 2 that PAX has a much lower thermal
diffusivity than the mold, riser, and air (aair ¼ 2.99 105m2=s >> aPAX). This
implies that heat diffuses much faster in the mold, in the riser=funnel, and even in
the air gap than in the energetic material being cast. This feature distinguishes the
current problem from the traditional casting of metals, in which the diffusivities of
casting, mold, and air gap are of comparable order. The heat transfer, fluid flow,
and stress formation in the energetic material itself thus dictate the physics of the
casting process.
Since the thermal expansion coefficient of PAX is much larger than that of the
metal parts (Tables 1 and 2), the casting shrinks away from the mold. Thus, the stres-
ses induced in the energetic material and mold are calculated separately instead of
through a comprehensive contact algorithm. The size of the gap is determined by
calculating the difference between displacements of the two surfaces in contact. It
should be noted that a fixed reference point must be used in this approach. Depending
on the casting shape, different reference pointsmay be used. Criteria for selection of the
reference point for different melt casting systems will be addressed later in this article.
When the coupled heat transfer and thermal stress analysis is performed, the
air gap formation between the casting and mold is taken into consideration through








ep þ emold þ epemold ð8Þ
The contact resistance between the mold and casting is neglected in this study.
3. RESULTS AND DISCUSSION
The coupled model is first benchmarked against results from the literature. It is
then used to predict the thermal, stress, and displacement fields in the casting of
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PAX in the cylinder and projectile systems. Experimental measurements for both
casting systems are also presented.
3.1. Coupled-Model Validation
The benchmark problem against which the coupled model is validated is the
elastoplastic stress development in an unconstrained solidifying plate [33], as shown
in Figure 5a. The Neumann problem for solidification is studied, i.e., the left wall of
a semi-infinite plate initially maintained at its melting point Tm is suddenly exposed
to a temperature Tw < Tm, initiating solidification. Material properties and other
related constants used in this validation are shown in Table 3 [18]. The yield stress
of the material r0 is assumed to be a linear function of temperature, defined as
r0ðTÞ ¼ r0;W T  Tm
TW  Tm ð9Þ
where r0,W is the yield stress at Tw.
For this problem, the y-direction stress ryy is the stress component of signifi-
cance [33]. Analytical solutions for the temperature and ryy distributions along the x
direction are available in [33, 34]. The proposed coupled model is employed to solve
Figure 5. Physical problem considered for validating the current modeling approach [33], (a) schematic
diagram, (b) temperature, and (c) y-direction stresses ryy in the solidifying body predicted by the numeri-
cal model with analytical results.
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the solidification heat transfer and stress distribution with a plane strain condition. It
is evident from Eq. (9) that r0 ¼ 0 at the melting temperature Tm; however, to avoid
numerical difficulties, a value of r0 ¼ 0.1MPa is used. Predictions from the model
are compared to the analytical results for temperature and stress profiles at selected
times in Figures 5b and 5c; the agreement is seen to be quite satisfactory.
3.2. Casting in a Cylinder
Casting of PAX in a cylinder is now considered (Figure 1a). Temperature
boundary conditions imposed in the experiment are measured using seven K-type
thermocouples mounted on the outer wall and four thermocouples on the top and
bottom surfaces to obtain transient vertical and circumferential temperature vari-
ation as shown in Figure 6; only selected locations along the side wall are included
in the figure for clarity. The transient cooling conditions, with the side wall being at a
lower temperature than the bottom surface from the beginning of the casting pro-
cess, are expected to lead to complex contraction=shrinkage patterns in the casting.
Figures 6a and 6b show the thermal boundary conditions applied during two sets of
experiments. The effects of these cooling conditions on stress development in the cast
will be analyzed later in this article. The results presented in the following two sub-
sections refer to the conditions described in Figure 6a.
Thermal and flow field analysis. The numerical model developed in this
work was validated against experimental temperature measurements, and compari-
sons at representative locations are shown in Figure 7. The good agreement in this
figure is an improvement over the predictions in [8]. This is attributed to the more
comprehensive experimental measurements obtained for this work, including tem-
perature measurements during the first 10min of the solidification process after
pouring. Data during this period are critical in setting the conditions for subsequent
solidification. The minor deviations that can still be seen in the figure are in part due
to uncertainties in the thermophysical properties.
A grid independence study was carried out in which three levels of successively
refined structured meshes (Table 4) were evaluated; results with these grids at two
different times are shown in Table 5. The times chosen for the comparison are those
Table 3. Thermophysical properties and other constants used in the validation
exercise [18]
Density, q (kg=m3) 7,500
Thermal conductivity, k (W=mK) 33
Specific heat, cp (J=kgK) 661
Elastic modulus of solid, Es (GPa) 40
Elastic modulus of liquid, El (GPa) 14
Poisson’s ratio, n 0.3
Thermal expansion coefficient, b (1=K) 2 105
Solidus temperature, Tm,s (
C) 1,494.35
Liquidus temperature, Tm,l (
C) 1,494.45
Latent heat, DH (kJ=kg) 272.0
Wall temperature, Tw (
C) 1,000
Yield stress at Tw, r0,w (MPa) 20
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at which convective effects are strong. The temperatures listed in the table are at the
location (r ¼ 0.01m, z ¼ 0.05m). The deviations listed in Table 5 are calculated as
u%i ¼ ui  umj jumj j
ð10Þ
Figure 6. Temperature boundary conditions applied to the top, bottom, and side walls of the cylinder dur-
ing the two sets of experiments: (a) original conditions; (b) improved conditions.
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in which u is the variable and i ¼ c or f represents coarse or fine mesh, respectively.
From Table 5, it may be concluded that satisfactory grid independence is achieved
using the moderate mesh, which is used in all the results presented here.
The transient development of the thermal and flow fields is shown in Figures
8a–8d. The solidification front develops from the side and bottom walls during the
initial stages (Figure 8a). Since the riser temperature is maintained above the melting
temperature of 355.65K by the heaters, no solid front emanates from the top surface
of the melt until 2.2 h into the process, at which time the heater above the riser is
switched off. Initially, a long natural-convection cell is formed in the narrow channel
(H0=D 6). This long convection cell breaks up as solidification progresses and the
solid front from the side reaches the vertical axis, leaving behind pockets of melt
in the lower region of the casting. One such liquid pocket can be seen in Figure 8b.
This could be a potential site for void formation due to shrinkage.
Figure 7. Comparison between measured temperature variations and numerical predictions at selected
locations in the cylindrical casting: (a) r ¼ 2mm, z ¼ 6.3mm; (b) r ¼ 7.8mm, z ¼ 94mm; (c) r ¼ 14m,
z ¼ 134mm.
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It may be noted that the maximum velocity induced by natural convection dur-
ing the entire solidification process is 6.22 104m=s (Ra 2,200), implying that
natural-convection effects are negligible under these conditions.
Once the heater above the riser is switched off, the solid front develops from all
sides, including the top, due to the presence of the cold environment. As shown in
Figure 8d, the solidification process is completed in 2.25 h. Additional discussion
of the transient temperature and solid front development is available in [5, 8]. The
transient temperature development is closely related to the induction of residual
stresses and gap formation, and is addressed next.
Displacement and stress fields. During the casting process, displacement
fields and residual stresses are induced under the combined influence of the tem-
perature field in the casting and the different thermal expansion coefficients
between the steel metal mold (bsteel ¼ 1.24 105 1=K), aluminum riser
(bAl ¼ 2.36 105 1=K), and the cast material (bPAX ¼ 8.754 105 1=K).
To better illustrate the effects of the experimental cooling conditions on
residual stresses, the displacement and von Mises stress fields from the numerical
simulations are shown in Figure 9a; the vertical displacement is shown on the right
and the von Mises stress on the left. The top and bottom surfaces of the metal parts
(riser and tube) are constrained in both the r and z directions due to their attachment
to the steam heaters. It may be noted that the inner diameter of the riser is slightly
larger than that of the tube in the experiments, as shown in the inset of Figure 1a.
Table 5. Results obtained with different grids for casting in a cylinder; deviations are with respect to the
intermediate grid
Grid fl jujmax (m=s) wmax (m2=s) T (K)
t ¼ 600 s
Coarse 0.402 1.824E-04 4.631E-06 353.02
Percent deviation 3.60 6.63 2.62 0.90
Moderate 0.388 1.954E-04 4.513E-06 356.23
Fine 0.386 1.964E-04 4.503E-06 356.48
Percent deviation 0.51 0.50 0.23 0.07
t ¼ 1,200 s
Coarse 0.2581 6.541E-05 4.126E-05 350.21
Percent deviation 10.58 2.34 1.72 0.72
Moderate 0.2334 6.698E-05 4.198E-05 352.74
Fine 0.2302 6.702E-05 4.204E-05 352.86
Percent deviation 1.38 0.06 0.14 0.03
Table 4. Meshes in the grid independence study for casting in a cylinder
Coarse Intermediate Fine
Riser 20 2 40 4 80 8
Mold 40 4 80 8 160 16
Casting 60 20 80 40 160 80
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Therefore, zero displacement is assumed at the junction of the riser and tube (P in
Figure 1a) once the energetic material is solidified at P (time t ¼ t0). For time
t < t0, the cast is pulled against the bottom surface of the cylinder due to gravity.
Thus point X in Figure 1a is assumed to be the fixed reference point. Since the liquid
is assumed to be stress-free in this work, the stress development in the solidified layer
plays the determining role in the predicted displacement, i.e., separation. Since









Hence, much higher residual stresses were found in the mold and the riser compared
with the cast. Also, since the mold and riser have lower expansion coefficients than
the casting (Tables 1 and 2), the differential contraction induces compressive stresses
in the mold and tensile stresses in the solidified melt in all directions. This explains
the high stresses observed along the outer surface of the casting.
The only mechanism that is expected to be important to gap formation in this
relatively simple geometry is the volume change upon solidification. Even though the
details of heat extraction from the cylinder do not change the amount of the shrink-
age, they can determine the location of shrinkage. As stated previously, the casting is
Figure 8. Development of stream function contours and isotherms during the course of the casting process
in the cylinder.
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restricted from moving downward once the material solidifies at point P (in
Figure 1a). Thus base separation is expected upon further cooling due to thermal
contraction. This explains the large vertical displacement observed near the bottom
of the casting in both the experiments and numerical predictions. The maximum base
separation of 0.077mm predicted from the coupled numerical model developed,
which occurs at the lowest point on the vertical axis, is comparable to the experimen-
tally measured value of 0.051mm. The discrepancy between the two values may be
attributed to the uncertainties in the mechanical properties of the energetic material,
such as Young’s modulus, Poisson’s ratio, and thermal expansion coefficient.
Assuming PAX to be an elastoplastic material could be another source of error.
Figure 9. Comparison of stress (left) and vertical displacement (right) contours after solidification is com-
pleted for two different cooling conditions: (a) original; (b) improved.
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3.3. Casting in a Projectile
Results for casting of PAX in a projectile are considered next. Detailed experi-
mental measurements of temperatures at a large number of locations in the projectile
were obtained during the entire casting process, to facilitate validation of the numeri-
cal predictions. Sixteen K-type thermocouples were embedded inside the casting. Ten
additional K-type thermocouples were attached to the external surface of the projec-
tile and funnel to provide the thermal boundary conditions to the model, as indicated
in Figure 1b. Transient vertical and circumferential temperature variations during
the course of casting at selected locations are shown in Figure 10.
Thermal and flow field analysis. The predicted and measured temperatures
at representative locations in the casting are compared in Figure 11; the relevant
thermocouple location is shown in each part of the figure as a solid dot in the inset.
It is evident from the comparisons that the computational results are in good agree-
ment with the measurements. Deviations between the two sets of data are attribu-
table in part to the uncertainty in the thermophysical properties used in the
simulation. An additional source of error is the time taken (2min) to pour the
melt. This pouring time introduces a level of nonuniformity in the initial temperature
field which is not adequately captured in the simulation.
A study of grid independence was also carried out with three different compu-
tational meshes. A comparison of a number of critical quantities at the location
Figure 10. Temperature history at the external surface of the projectile and funnel at selected locations
during projectile casting.
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(r ¼ 0.254m, z ¼ 0.05m) obtained with the different meshes is shown in Table 6 at
two different times. The deviations listed in the table are defined as in the previous
case by Eq. (10). It is evident that nearly grid-independent results are obtained using
the moderate mesh, which is the mesh adopted for the results here.
The solidification behavior of the energetic material is predicted under the con-
ditions of the experiment. The evolution of the solid volume fraction (SVF) during
the course of the casting process is illustrated in Figure 12. As expected, the solidi-
fication rate is high at the beginning due to the large temperature differences between
the melt and the cooling water; as the temperature difference moderates, the rate of
solidification slows down. The total time taken for the melt to solidify in the current
system configuration is approximately 10 h.
Temperature and stream function contours at different stages in the casting
process (denoted as A, B, C, and D in Figure 12) are shown in Figure 13. The high
viscosity of the melt in this problem leads to laminar melt convection with
Ra 3.7 104. Due to larger size of the projectile, the effect of convection is
expected to be more significant in this case than in the previous case. At the begin-
ning of the casting process (A in Figure 12), solidification is initiated from both the
bottom and side walls of the projectile due to the presence of the cold water bath,
resulting in the formation of a narrow melt channel near the axis of the projectile.
Figure 11. Comparison of predicted temperatures with measurements at selected locations in the projectile
system: (a) r ¼ 0, z ¼ 0.86m; (b) r ¼ 0.03m, z ¼ 0.438m; (c) r ¼ 0.044m, z ¼ 0.146m.
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The solid front moves inward, in a nearly one-dimensional manner (Figure 13a). As
casting progresses, the volume of the liquid core continues to diminish and a small
portion of liquid is separated from the bulk melt, which can lead to potential void
formation (Figure 13b, B in Figure 12). This liquid core, however, quickly disappears
Table 6. Results obtained with different grids for casting in a projectile; deviations are with respect to the
intermediate grid. The numbers of control volumes used in coarse, intermediate, and fine meshes are 2,789,
4,823, and 18,709, respectively
Grid (cells) fl T (K) jujmax (m=s) wmax (m2=s)
t ¼ 1,200 s
Coarse 0.7268 360.29 5.369 104 4.587 104
Percent deviation 0.81 0.27 7.33 14.12
Moderate 0.7209 360.42 5.793 104 5.341 104
Fine 0.7204 360.45 6.014 104 5.213 104
Percent deviation 0.08 0.06 3.82 2.40
t ¼ 8,400 s
Coarse 0.2867 355.31 2.042 105 1.668 105
Percent deviation 0.00 0.33 8.65 3.76
Moderate 0.2867 355.46 2.235 105 1.607 105
Fine 0.2858 355.51 2.400 105 1.614 105
Percent deviation 0.31 0.10 7.39 0.44
Figure 12. Evolution of solid volume fraction with time in the casting of energetic material in a projectile.
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due to the progression of the solid front. As the solid layer grows, the melt region is
increasingly constrained, leading to a decrease in velocities. Since the temperature of
the steam heater is higher than the melting temperature Tm, the melt in the funnel is
the last to solidify (Figure 13b). Figures 13c and 13d show the temperature and
stream function contours after the heater is turned off (corresponding to points C
and D in time in Figure 12). Due to the ambient air cooling, solid grows from the
top free surface of the melt in addition to the side walls of the funnel. Comparing
Figure 13b to Figure 13c, a reduction of liquid superheat is observed. A small core
of melt persists in the funnel in Figure 13d. Figure 13 also shows that the value of the
stream function is very small (w 104 m2=s) due to the high viscosity of the melt,
which justifies the assumption of negligible viscous heating. The total time taken
for the melt to solidify in this projectile system is approximately 10 h.
Heat flow from the lower portion of the casting is seen to be primarily radially
outward due to water cooling. As a result, the solid formed shrinks and uniformly
Figure 13. Stream function contour (left) and isotherm (right) evolution during the course of casting in the
projectile at times (a) t ¼ 1 h, (b) t ¼ 3 h, (c) t ¼ 5 h, and (d) t ¼ 8 h.
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contracts away from the side wall. The shoulder region, on the other hand, experi-
ences a vertical temperature gradient (in addition to the radial component) due to
the steam heating, as circled in Figures 13b and 13c. The combination of these effects
induces complex thermal stress fields and creates the potential for separation of the
solid from the mold wall.
Analysis of stress development and separation formation. Thermal
stresses are generated during the casting process due to temperature gradients as well
as differences in mechanical properties between the different parts of the cast system.
As in casting in a cylinder (Section 3.2), a larger contraction is expected in the ener-
getic material than in the mold, leading to possible separation at the base and
shoulder regions, which are defined in Figure 1b. Base and shoulder separation
are stress-induced displacements, and are closely related to the thermal stress devel-
opment during casting. Using the integrated thermal and stress analysis model
developed, the evolution of thermal stresses and displacements were computed. It
is assumed that the center of the base of the solid material along the axis (point X
in Figure 1b) is in contact with the mold and is thus constrained vertically.
Figure 14 shows the von Mises equivalent stresses (left, in MPa) and corre-
sponding displacement contours (right, in mm) in the projectile at two different
times. The dark solid line delineates the solid front. As solidification progresses, ther-
mal stresses continue to develop in the solidified layer and larger displacements are
found near the shoulder region (Figure 14), marking locations for possible separation.
Qualitative comparisons between predicted base and neck=shoulder separations
and experimental observations are included in Figure 15. As shown in Figure 15a, no
apparent base separation is observed in the prediction or experiment. On the other hand,
the loss of contact between cast andmold is quite significant near the shoulder region. At
the shoulder region, a separation of 0.356mm is predicted using the present coupled
model, while 0.889mm of separation is observed experimentally (Figure 15b). While
the predicted and measured amounts of separation differ in magnitude, the model is
shown to be able to predict the occurrence and location of separation. The magnitude
ofbase separation is less thanhalf of thatalong the shoulder region.This is consistentwith
the earlier observation of largely radial temperature gradients in the lower region of the
projectile, in contrast to both radial and axial thermal gradients near the shoulder region.
In addition to the effects of the large differences in thermal expansion coeffi-
cients between mold and casting, as discussed in Section 3.2, the separation observed
can be attributed to the geometry of the projectile and gravity. Since the mold=
casting interfaces at both the neck=shoulder and funnel regions are not parallel to
the direction of gravity, gravitational forces could enhance the contact between
castings and funnel but lead to gap formation near the shoulder region. Gravity,
however, does not affect the mold=casting interface at the base region, since the
mold=cast interface is aligned with the direction of gravity. This further explains
the larger separation observed near the neck=shoulder region.
3.4. Suppression of Separation
The coupled model developed in this work can be used not only to predict the
size and location of separation, but can also help to design new cooling procedures
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that suppress separation. Approaches for separation reduction in casting in a cylin-
der and projectile are explored here.
Casting in a cylinder. An analysis of the results from the numerical model
suggests that the energetic material near point P (Figure 1a) should solidify later
than that in the tube to avoid base separation. Under the experimental conditions
described in Figure 6a, however, the junction of tube and riser has the lowest tem-
perature along the side wall (solid lines in Figure 16), leading to early solidification
near P. The solidified material is then pulled toward P due to thermal contraction. It
is desired to modify the cooling conditions such that a monotonic temperature
distribution is maintained along the outer surface of the tube=riser assembly,
which could delay solidification near point P and thus reduce base separation.
Figure 14. Thermal stress and displacement evolution in casting of PAX in a projectile: (a) t ¼ 2 h; (b)
t ¼ 8 h.
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Figure 15. Numerically predicted (a) base and (b) neck separation compared qualitatively against sec-
tioned photographs of the actual cast projectile.
438 D. SUN ET AL.
The calculations carried out thus far for the experimental cooling conditions (termed
‘‘original’’ case in the figure) were repeated with the improved boundary conditions
shown in Figure 6b (instead of the conditions in Figure 6a). The transient tempera-
ture profile along the height of the cylinder using the improved cooling conditions is
included in Figure 16. The nearly monotonic temperature distribution maintained
under these improved conditions is clearly illustrated. The base separation under
these conditions was reduced to 0.017mm, a significant reduction of 78% from its
original value of 0.077mm. Using the coupled model developed in this work, the
resulting displacement and von Mises stress fields were computed as shown in Figure
16b. Compared with the original case (Figure 16a), it is evident that both the gap size
and stress level are greatly reduced by using the improved cooling conditions. While
the stress distributions are similar, the maximum stress level is reduced by 20
times. This conclusion was confirmed by experimental measurements, which showed
a gap width of 0.015mm for the improved case, reduced from the value for the orig-
inal experiments of 0.051mm. While both the experiment and model show compara-
ble reductions in base separation, an exact match is difficult to achieve since the
casting is in reality not necessarily constrained at point P as assumed in the model.
Other constraints may be in play in the experiment due to the mold or riser surface
roughness and the presence of thermocouple supports.
Casting in a projectile. It is expected that neck=shoulder separation during
casting in a projectile can be suppressed if the temperature profile in the material
induces progression of the solidification front in a flat shape, moving upwards. In
Figure 16. Comparison of temperature distributions along the side wall of the cylinder for two cases.
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this case, shrinkage would take place only in the axial direction, and would be com-
pensated by additional melt being fed downwards. The effects of gravity and
geometry would then be reduced. A cooling procedure following these guidelines
was designed and studied numerically (referred to as ‘‘improved’’ conditions). It is
attempted to bring about the desired temperature distribution through a controlled,
dynamic increase in the cooling-water level. The water-level is increased in response
to the transient progression of the shape of the solid front. The water-level change so
computed is shown in Figure 17. The cooling water has a constant temperature of
333K. The heating panel is maintained at 377.6K for the first 5 h and turned off
thereafter. Six-and-a-half hours into the casting process, the cooling water is drained
and the casting assembly (projectile and funnel) is cooled to room temperature by
exposure to the ambient.
The temperature distributions and solid front shapes under these improved
cooling conditions are compared with the ones using original cooling in Figure 18
at different solid volume fractions. Solid volume fraction is used as an indicator
of nondimensional time since the solidification rates are different under the two
cases. It is evident from Figure 18 that flatter solid fronts can be obtained by means
of the improved cooling conditions, and smaller horizontal temperature gradients
are realized near the neck region. This helps reduce the amount of neck=shoulder
separation by 50%, as shown in Figure 15b. The temperature and equivalent
Figure 17. Dynamic water-level changes to achieve improved cooling conditions.
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stress distributions in the cast and mold for the two cases are also compared after
total solidification is reached (Figure 19). The vertical temperature gradient around
the shoulder region is much larger than the horizontal component under the
improved conditions, in contrast to the dominant horizontal temperature gradient
for the original case, as depicted in Figure 19a. This is the main reason for neck=
shoulder separation reduction when the improved conditions are used. The
maximum stress level in the cast, which was 3.1MPa in the original case, is
reduced to 0.19MPa using the improved conditions. The dynamic increase in the
water level helps to cool the material gradually (as opposed to immersion of the total
projectile in water as in the original case), and leads to reductions in the stress levels
in the casting. Experimental verification of these improvements is currently
being carried out at the U.S. Army Armaments Research Development Engineering
Center.
Figure 18. Comparison of temperature distribution evolution under different cooling conditions: (a)
fs ¼ 0.31; (b) fs ¼ 0.62.
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4. CONCLUSIONS
A comprehensive numerical investigation was conducted to explore the influ-
ence of cooling conditions on gap formation and thermally induced stresses during
the casting of energetic materials in different enclosures. A dynamically coupled
model was developed to compute the heat and mass transfer processes in melt casting
as well as thermal stresses induced during casting. The model was carefully validated
against a benchmark problem and experimental measurements. For both small-
(cylinder) and large-(projectile) scale systems, good agreement between numerical
results and experimental data was observed. The predicted separation also showed
qualitative agreement with the experimental observations.
Approaches for reduction of separation were also explored. The separation was
found to be less pronounced in a smaller, cylindrical enclosure compared to a larger,
projectile shape. The size and location of the separation could be controlled by
manipulating the cooling conditions.
Figure 19. Comparison of temperature (left) and stress (right) fields using different cooling conditions.
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Ongoing enhancements to the coupled model developed in this work include a
comprehensive contact detection algorithm to determine separation, and a visco-
elastic-plastic constitutive treatment of the particle-laden energetic materials.
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